Melanin is responsible for pigmentation of skin and hair and is synthesized in a specialized organelle, the melanosome, in melanocytes. A genome-wide association study revealed that the two pore segment channel 2 (TPCN2) gene is strongly linked to pigmentation variations. TPCN2 encodes the two-pore channel 2 (TPC2) protein, a cation channel. Nevertheless, how TPC2 regulates pigmentation remains unknown. Here, we show that TPC2 is expressed in melanocytes and localizes to the melanosome-limiting membrane and, to a lesser extent, to endolysosomal compartments by confocal fluorescence and immunogold electron microscopy. Immunomagnetic isolation of TPC2-containing organelles confirmed its coresidence with melanosomal markers. TPCN2 knockout by means of clustered regularly interspaced short palindromic repeat/CRISPR-associated 9 gene editing elicited a dramatic increase in pigment content in MNT-1 melanocytic cells. This effect was rescued by transient expression of TPC2-GFP. Consistently, siRNA-mediated knockdown of TPC2 also caused a substantial increase in melanin content in both MNT-1 cells and primary human melanocytes. Using a newly developed genetically encoded pH sensor targeted to melanosomes, we determined that the melanosome lumen in TPC2-KO MNT-1 cells and primary melanocytes subjected to TPC2 knockdown is less acidic than in control cells. Fluorescence and electron microscopy analysis revealed that TPC2-KO MNT-1 cells have significantly larger melanosomes than control cells, but the number of organelles is unchanged. TPC2 likely regulates melanosomes pH and size by mediating Ca 2+ release from the organelle, which is decreased in TPC2-KO MNT-1 cells, as determined with the Ca 2+ sensor tyrosinase-GCaMP6. Thus, our data show that TPC2 regulates pigmentation through two fundamental determinants of melanosome function: pH and size.
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melanosome | pigmentation | two-pore channel 2 | organelle pH | membrane traffic I n humans, melanin is responsible for pigmentation of skin, hair, and eyes and serves to minimize the damage caused by exposure to UV radiation from sunlight (1, 2) . Melanin is synthesized in a specialized organelle, the melanosome, which is produced in melanocyte cells in skin and hair follicles and in the eye retinal and iris pigmented epithelial cells (2) (3) (4) . The melanosome is a lysosome-related organelle that houses the melanin-synthesizing enzymes: tyrosinase, tyrosinase-related protein-1, and tyrosinaserelated protein-2 (2, 3, 5). The color of human skin and hair is determined by the amount and chemical composition of the melanin produced by melanosomes (2, 6, 7) . Importantly, the activity of tyrosinase, the rate-limiting enzyme in melanin synthesis, is greatly reduced at acidic pH. Melanosomal pH, rather than tyrosinase expression level, has been shown to regulate tyrosinase activity and the amount of melanin produced in melanocytes from different skin types (2, (7) (8) (9) . Melanosomes from melanocytes of fair-skinned individuals are significantly more acidic and display low tyrosinase activity, whereas melanosomes in dark skin melanocytes are less acidic or neutral and present higher levels of tyrosinase activity (8, 10) . The organelle dimensions are also different: Melanosomes from highly pigmented skin are larger than those from lightly pigmented skin (11) . Thus, revealing how melanosome pH and size are controlled is essential to understanding pigmentation in humans. However, our knowledge of the underlying regulatory factors and mechanisms is incomplete (2) .
Less than 20 of the ∼300 pigmentation genes are known to directly function in the production of melanin or regulation of its chemical composition (2, 7, 12) . Mutation of several of these genes, including the three melanogenic enzymes and a few ion transporters, causes oculocutaneous albinism (OCA) in patients and animal models (2, 5, 12) . However, many genes that affect the color of skin, hair, and eyes encode proteins with unknown function in pigmentation (2, 12) . TPCN2 is one such gene (13) . Two single nucleotide polymorphisms in the TPCN2 gene were strongly associated with pigmentation variations in a genomewide association study among 8,460 Icelanders and Dutch individuals ( Fig. S1 ) (13) . The TPCN2 gene encodes the two-pore channel 2 (TPC2) protein (13) . Indirect clues as to the possible TPC2 protein function in pigmentation come from studies in other systems. TPC2 is a cation release channel expressed in endosomes and lysosomes in nonspecialized cells and plateletdense granules, another specialized lysosome-related organelle (14) (15) (16) (17) (18) . Nevertheless, it has not been experimentally demonstrated that TPC2 regulates pigmentation. It is also unclear how TPC2 would affect pigmentation.
Here, we show that TPC2 is expressed in the melanosomelimiting membrane in human melanocytic MNT-1 cells, a wellcharacterized system to study melanosome biology (19, 20) . Knockout of TPCN2 using the clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated 9 (Cas9) gene editing system produced a striking increase in the melanin content in MNT-1 cells. siRNA-mediated knockdown of TPC2 also elicited a significant increase in melanin content in both MNT-1 cells and primary human melanocytes. Conversely, overexpression of TPC2 reduced the amount of melanin, suggesting TPC2 is indeed involved in the regulation of melanin production by melanosomes.
Significance
Melanin pigments are synthesized in skin and hair cells called melanocytes and provide color to skin and hair and protection against UV rays. Inadequate protection poses the risk of accumulating genetic mutations in the DNA of skin cells, which can lead to skin cancer. It can also reduce folate levels, which then causes birth defects. Therefore, understanding pigmentation is important for human health. There are several protein components of the machinery that regulates human pigmentation that work in unknown ways. Two-pore channel 2 (TPC2) is one of them. Here we found that TPC2 is located in compartments inside melanocytes known as melanosomes, where melanin is synthesized. TPC2 regulates the pH and size of melanosomes, thus controlling the amount of melanin produced. We demonstrate that TPC2 regulates melanosomal pH and size in living cells, providing a direct explanation to the pigmentation phenotype. We also show TPC2 is responsible for Ca 2+ release from melanosomes. Our data show TPC2 works in human pigmentation by regulating melanosome function.
Results

TPC2
Is Present in the Melanosome-Limiting Membrane. To investigate TPC2, we first tagged the endogenous TPCN2 gene with Emerald-GFP (EmGFP) in melanocytic MNT-1 cells, an ideal system to study melanosome biology (19) (20) (21) (22) (23) . To this end, we used the CRISPR/Cas9 gene editing system (24) , as depicted in Fig.  1A (Right). Briefly, the last exon of the TPCN2 gene was replaced by homology-directed repair with a version containing the EmGFP coding sequence right in front of the stop codon. Genotyping with EmGFP-specific primers showed incorporation of the DNA coding for the fluorescent tag, and analysis with primers annealing outside of the substituted region demonstrated correct localization (Fig. S1 ). Cells expressing TPC2-EmGFP from the endogenous gene were then transiently transfected with plasmids expressing TPC2-Cherry or the melanosomal markers tyrosinase-iRFP and Cherry-Rab27a (Fig. 1B) . Live cell confocal fluorescence microscopy analysis showed endogenous TPC2-EmGFP colocalized with exogenously expressed TPC2-Cherry [Manders' Overlap Coefficient (MOC) = 0.56 ± 0.05;
nine cells] and, to a lower degree, with tyrosinase-iRFP and CherryRab27a [MOC = 0.39 ± 0.05 (23 cells) and 0.37 ± 0.07 (32 cells), respectively]. Control experiments showed that the empirical maximum MOC detectable for a given protein simultaneously labeled with two different fluorophores in live cells is 0.71 ± 0.06. Also, by analyzing the colocalization between TPC2-EmGFP and an exogenously expressed peroxisomal marker, mRFP-SKL, in live cells, the background MOC was determined to be 0.12 ± 0.03 (Fig. S2) . In fixed cells, endogenous TPC2-EmGFP showed a very high level of colocalization with the immunostained endogenous melanosomal marker tyrosinase-related protein 1 (TYRP1; MOC = 0.83 ± 0.01; Fig. 1C ). Therefore, TPC2 is expressed in melanocytes and localizes to melanosomes.
Thin-section immunogold electron microscopy analysis of MNT-1 cells labeled with an anti-TPC2 antibody showed the majority of endogenous TPC2 localizes to pigmented, stage III and IV melanosomes ( Fig. 1D) (3, 20, 21) . A smaller proportion of the label was found associated with electron-lucent compartments likely representing endosomes (3, 20, 21) (Fig. 1D) . Quantification showed 68 ± 5% of the label was associated with pigmented melanosomes and 22 ± 4% with endosomes/lysosomes (185 gold particles, eight cells). Labeling of other organelles was very low (nucleus: 5 ± 2%; mitochondria: 3 ± 2%). Similar results were obtained with MNT-1 cells transfected with a TPC2-GFP plasmid and labeled with an anti-GFP antibody ( Fig. S3 ; pigmented melanosomes: 57 ± 9% of label; endosomes/lysosomes: 36 ± 6%; nucleus: 2 ± 2%; mitochondria: 2 ± 1%; 982 gold particles, nine cells).
To complement the microscopy studies, a biochemical approach was used to test for TPC2 localization to melanosomes. A postnuclear supernatant extract of MNT-1 cells transfected with a TPC2-GFP plasmid was submitted to immunomagnetic isolation of organelles, using an anti-GFP antibody or an irrelevant antibody as a control. Immunoblotting analysis revealed the presence of the melanosome resident proteins tyrosinase, PMEL17, and Rab32 in the anti-GFP immunoisolated samples, thus confirming the presence of TPC2 in melanosomes (Fig. 1E ).
TPC2 Expression Level Determines the Overall Melanin Content. Once it was established that TPC2 is expressed in melanosomes, we investigated the effect of knocking out TPCN2 in MNT-1 cells. The first exon of the TPCN2 gene was excised, using the CRISPR/Cas9 system (Fig. 1A, Left) , and the deletion was confirmed by genotyping of two independent clones: TPC2-KO1 and TPC2-KO2 (Fig. S1) . Real-time PCR of the TPC2-KO clones confirmed negligible TPC2 mRNA expression (Fig. 2A) . When the TPC2-KO1 and TPC2-KO2 cells were pelleted, they appeared strikingly darker than wild-type MNT-1 cells. Quantification of their melanin content revealed a fourfold increase in total melanin compared with wild-type cells (Fig.  2B) . Importantly, in rescue experiments carried out by transfecting a TPC2-GFP plasmid, the melanin content of the TPC2-KO cells was restored to levels similar to wild-type cells, indicating specificity (Fig.  2C) . As an independent approach, we subjected MNT-1 cells and primary human melanocytes to TPC2 siRNA and control siRNA knockdown and determined the total melanin content. Following the same trend as the TPC2-KO cells, the TPC2 siRNA treated MNT-1 cells and primary melanocytes more than doubled the melanin content of the corresponding control siRNA-treated cells (Fig. S4) . Conversely, overexpression of TPC2-GFP in control MNT-1 cells had the opposite effect, significantly reducing the melanin content (Fig. S4) . Overall, these results demonstrate an inverse correlation between TPC2 expression level and melanin content in MNT-1 cells and primary human melanocytes.
TPC2 Regulates Melanosome Luminal pH.
Tyrosinase is the key enzyme in melanin synthesis, and its catalytic activity is low at acidic pH and high at neutral pH (2, 7, 8, 10) . Therefore, an increase in melanosome luminal pH in the TPC2-KO cells may be responsible for the increase in melanin content in these cells. Accordingly, we investigated the effect of both TPC2 expression level and activity on melanosome luminal pH. To this end, we engineered a genetically encoded melanosome-localized pH sensor (MELOPS) capable of detecting pH changes in the melanosome lumen of living cells. MELOPS was created by inserting the coding sequence of the pH sensor protein Nectarine (25) into the first luminal loop of the melanosome protein OCA2, the product of the gene mutated in oculocutaneous albinism type 2 (Fig. S5 ). This OCA2 loop was previously used to add other tags without affecting the protein trafficking and function (26) . Providing OCA2 functions in chloride transport, we used the nonconductive V443I pore mutant to avoid any change MELOPS expression might cause on melanosomal pH (9) . The feasibility of using MELOPS to measure melanosomal pH was tested by expressing it in MNT-1 cells and incubating the cells in buffers with pH values ranging from 4.5 to 6.5 in the presence of ionophores (27) . Fluorescence microscopy imaging analysis revealed MELOPS colocalizes with the melanosomal marker tyrosinaseiRFP (MOC = 0.52 ± 0.02), and its fluorescence intensity is proportional to the pH of the buffers from pH 5.0 to 6.5 (Fig. S5) . Using this calibration curve as a reference, the melanosome luminal pH in control MNT-1 cells was calculated as 5.7 ± 0.6 (44 cells; Fig. S5 ).
Then, we expressed MELOPS in wild-type and TPC2-KO MNT-1 cells and determined higher fluorescence intensity, and therefore a higher melanosomal pH in TPC2-KO cells (Fig. 3 A  and B) . This effect can be rescued by transient transfection of TPC2-iRFP in the TPC2-KO cells, corroborating the lack of TPC2 caused the pH increase in the melanosome lumen (Fig. 3 A and B). Consistently, primary human melanocytes subjected to TPC2 siRNA knockdown also showed higher melanosomal pH than control siRNA-treated cells (Fig. S6) . Conversely, overexpression of TPC2-GFP in primary human melanocytes caused a lower melanosomal pH, relative to control cells (Fig. S6) . TPC2 overexpression in wild-type MNT-1 cells also causes a decrease in melanosomal pH that can be blocked by the TPC2-specific inhibitors Ned19 and tetrandrine (Fig. S7) (28) . Furthermore, incubation of wild-type MNT-1 cells with the TPC2-specific inhibitor Ned19 produced a significant increase in their melanin content relative to MNT-1 cells treated with vehicle (Fig. S7) . The data all together demonstrate a tight inverse correlation between TPC2 expression level and melanosome luminal pH. The fact that Ned19 and tetrandrine inhibit the effect of TPC2 on melanosomal pH indicates ion flux through TPC2 is required to exert this function. These results explain, at least in part, the increase in melanin content of TPC2-deficient MNT-1 cells and primary melanocytes, as well as the decrease in melanin content of MNT-1 cells overexpressing TPC2.
TPC2 Regulates Melanosome Size. During the course of our studies, we noticed that melanosomes imaged with various markers appeared to be larger in TPC2-KO MNT-1 cells than in wild-type MNT-1 cells. To better investigate this possibility, we used Rab27a, a well-established marker of pigmented melanosomes (29, 30 ) that in our hands produces the most crisp confocal fluorescence microscopy images. Wild-type and TPC2-KO MNT-1 cells were transfected with a plasmid expressing Cherry-Rab27a and subjected to live cell confocal fluorescence microscopy analysis (Fig. 4A) . Quantification of the images using the Slidebook software automated object analysis function showed no increase in the number of melanosomes per cell in TPC2-KO MNT-1 cells compared with wild-type cells (264 ± 89 and 285 ± 115, respectively; n = 41 and 37 cells). However, the analysis revealed melanosomes in TPC2-KO MNT-1 cells were significantly larger than those in wild-type cells (Fig. 4 A and B) .
To confirm this result, we analyzed wild-type and CRISPR TPC2-KO MNT-1 cells by thin-section electron microscopy ( Fig. 4 C and  D and Fig. S8 ). Once again, we found that the total amount of melanosomes per cell did not differ between wild-type and TPC2-KO cells (66 ± 19 and 63 ± 19 melanosome stages II-IV per cell or thin section, respectively), but TPC2-KO cells showed strikingly larger melanosomes than wild-type MNT-1 cells (Fig. 4 C and D  and Fig. S8 ). TPC2-KO MNT-1 cells also revealed more heavily pigmented melanosomes than wild-type cells (Fig. 4C and Fig. S8 ). These results indicate that TPC2 regulates melanosome size and are consistent with higher pigment content in TPC2-deficient MNT-1 cells compared with control cells. (31) to the C-terminal cytosolic tail of tyrosinase, which is expressed on the cytosolic side of the melanosome membrane. A similar approach was previously used to measure TPC2-mediated Ca 2+ release from other organelles such as platelet dense granules and lysosomes (17, 32) . Indeed, TPC2-KO cells exhibited a reduced level of GCaMP6 fluorescence intensity, indicative of lower local Ca 2+ concentration, compared with wild-type cells (Fig. 5 A and B) . Similar experiments were carried out with tyrosinase-GCaMP6-Cherry, a construct in which Cherry was added at the C terminus of tyrosinase-GCaMP6 to obtain a ratiometric measurement of fluorescence intensity. The TPC2-KO cells exhibited lower GCaMP6/Cherry fluorescence intensity ratio compared with wild-type cells, which is indicative of lower levels of Ca 2+ around melanosomes (Fig. S9) . Together, these data suggests normal Ca 2+ release from melanosomes depends on the presence of TPC2 in these organelles.
Discussion
The complexity of human pigmentation results from hundreds of proteins functioning in melanocyte development, melanosome biogenesis, melanin synthesis, and melanosome transfer to neighboring keratinocytes in skin and hair (1, 2, 7, 12) . Even though two TPC2 polymorphisms have been associated with pigmentation variations in a genome-wide association study (13) , it is unknown where and how TPC2 works to bring about such diversity. Here, we first show that TPC2 is expressed in melanocytes, and a significant cohort localizes to the melanosome-limiting membrane with a smaller fraction localizing to endosomes and lysosomes, as found in other cell types. TPC2 expressed from the endogenous gene in MNT-1 cells colocalizes with melanosome markers such as tyrosinase, Rab27a, and TYRP1 by confocal fluorescence microscopy. Similarly, immunogold electron microscopy analysis of MNT-1 cells showed that both endogenous and exogenous TPC2 localize to pigmented melanosomes. Biochemical experiments confirmed the presence of TPC2 in melanosomes. Second, the melanin content was substantially increased in CRISPR TPC2 knockout and siRNA TPC2-depleted MNT-1 cells, as well as siRNA TPC2-depleted primary human melanocytes. Consistently, TPC2 inhibition by Ned19 caused an increase in melanin content in MNT-1 cells. Conversely, higher TPC2 expression resulted in lower melanin content in MNT-1 cells. These results demonstrate an inverse correlation between the level of TPC2 expression and melanin content in MNT-1 cells and primary melanocytes. The data show experimentally that TPC2 indeed regulates pigmentation, thus confirming the genome-wide association study (13) , and that TPC2 works in melanocytes by controlling the amount of melanin produced by melanosomes.
How does TPC2 regulate the amount of melanin in melanocytes? Melanosome pH is a key determinant of melanin synthesis in melanosomes because of its effect on the catalytic activity of the rate-limiting enzyme tyrosinase (2, 7) . In addition, spontaneous late reactions of eumelanin polymerization that take place after the Dopachrome stage are also pH-dependent (33) . In both the enzymatic and nonenzymatic reactions, a lower pH decreases the amount of melanin produced. Consistently, indirect determinations with fixed cells showed melanosomes from light skin melanocytes are more acidic than those from dark skin melanocytes (8, 10) . To study melanosome pH, we developed MELOPS, the first genetically encoded melanosome localized pH sensor that allows live cell determinations. MELOPS should be a useful tool in melanosome research to dissect the effect of pH by a variety of pigmentation genes. Using MELOPS, we established an increase in the melanosome lumen pH in live TPC2-KO MNT-1 cells compared with wild-type MNT-1 cells. Likewise, primary human melanocytes subjected to TPC2 siRNA knockdown displayed higher melanosome lumen pH, whereas overexpression of TPC2 elicited lower melanosome lumen pH relative to control melanocytes. Furthermore, overexpression of TPC2 in MNT-1 cells produced a decrease in melanosomal pH that could be blocked using the TPC2-specific inhibitors Ned19 or tetrandrine (28) . These results both supported the concept of an anticorrelation between melanosomal pH and TPC2 expression levels and indicated that TPC2 activity regulates melanosomal pH. Therefore, TPC2 controls melanin synthesis in melanocytes, at least in part, through regulation of melanosomal pH. It is worth noting that TPC2 has also been reported to regulate the pH of lysosomes and platelet-dense granules, and the gene is present in evolutionarily distant eukaryotes such as plants (14, 17) . Thus, melanosomes seem to have incorporated and adapted an ancient component of the pH regulatory machinery of membrane-bound compartments.
A key factor regulating organelle pH is the vacuolar (V)-ATPase, which is also present in melanosomes (2, 33) . Several other ion channels and transporters involved in human pigmentation are present in the melanosome-limiting membrane. The recently described OCA2-mediated Cl − channel regulates melanin synthesis in part through melanosome pH (7, 9) . The melanosome-localized K + -dependent Na + /Ca 2+ exchanger, SLC24A5, regulates pigmentation, potentially through pH changes (2, 34). The SLC45A2 gene (member of the solute carrier 45A family) is responsible for the OCA4 disease and affects pigmentation through melanosome pH, although the identity of the molecule or molecules transported by this carrier is unknown (35) . TPC2 thus joins a growing list of melanosome-localized ion channels and transporters that regulate pigmentation at least in part through regulation of organelle pH. Therefore, the melanosome luminal pH appears to be determined by a complex cross talk between channels, transporters, and pumps that control not only the amount but also the type of melanin produced by the melanosome. Additional work is needed to understand how TPC2 may regulate melanosome pH.
The second determinant of pigmentation we found to be regulated by TPC2 is the melanosome size. Melanosomes in MNT-1 cells lacking TPC2 are remarkably larger than in wildtype cells. However, the melanosome count did not differ between wild-type and TPC2-KO cells. This result implies an increase in melanin content per melanosome in TPC2-KO cells, which was evident in the electron micrographs. The data are also consistent with the fact that melanosomes in dark skin are larger than those from light skin people (11) . Interestingly, TPC2 has been implicated in membrane trafficking events in other cell types. TPC2 was recently shown to function in endolysosomal trafficking in the context of Ebola virus infection (28) and in regulation of membrane fusion/fission events between plateletdense granules (17) . A function of TPC2 in regulation of membrane trafficking would also be in line with its reported physical interaction with the endolysosome tethering and fusion machinery (18, 36 ] on the cytosolic side of the melanosome membrane suggest a decreased Ca 2+ release and are consistent with altered membrane traffic.
In summary, our results show experimentally that TPC2 is a true regulator of pigmentation. Importantly, TPC2 is expressed in the melanosome membrane, and its activity controls the melanin content of melanosomes, most likely by regulating organelle pH and size.
Materials and Methods
CRISPR Design. Guide RNAs were designed using the CRISPR Design Tool [crispr.mit.edu (37) ] to minimize potential off-target effects. Annealing, phosphorylation, and cloning of the guide RNAs (Table S1 ) into the pX330 vector were carried out as described (24) . For the TPC2-EmGFP donor plasmid, the left and right homology arms (855 and 904 bp, respectively) were amplified from genomic DNA, and mutations were introduced in the PAM sequences to avoid cleavage of the modified alleles. Genotyping was performed using the primers listed in Table S2 .
Other Procedures. Additional procedures are described in SI Materials and Methods and Table S3 .
